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Motivation

A SM-Higgs like resonance has been observed at the LHC

The Higgs sector may also have extra scalars and
pseudo-scalars.

The 77-channel is the standard mode of searching for such
particles.
Examples of models with suppressed A/H — 77 rates:
e Enhanced bb couplings in 2HDM and MSSM.
JHEP 1207 (2012) 091 w/ M. Carena, S. Gori, A. Juste, C.
Wagner & L-T. Wang
e Enhance ZA couplings in NMSSM like models.
JHEP 1302 (2013) 152 w/ S. Chang
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Searching Non-Standard Higgses with enhanced bb rates
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Higgs Sector in 2HDMs

¢ The Neutral components acquire vevs and their ratio is
tan 8 = v,/ vy.
¢ Neglecting CP violation in the Higgs sector, electroweak
breaking leaves:
1 CP odd Higgs A
1 charged Higgs H*, and
2 CP even Higgs bosons h, H
¢ One CP-even (SM-like) Higgs has SM strength couplings
to gauge bosons.
e The other CP-even (Non-Standard) Higgs has suppressed
couplings to gauge bosons.
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Couplings to b-quarks and 7-leptons in 2HDMs
e General 2HDM Higgs fermions couplings are

Lya = YuHsQU +yqs HyQD + 7, H,QU
+  Jg HIQD + y; HyLE + j; HiLE + h.c.

¢ d-type fermion couplings to Non-standard Higgses are:

mf f
Gryare = =, 1N Bty

where for f = b, 7

tan g €f
tanpl, = <7 —
Betr 1+ ¢tan B ( tanﬁ)
¢ = 0
Yt

Searching for neutral Higgs bosons in non-standard channels Arjun Menon University of Oregon



Fermion couplings in the MSSM

e Including 1-loop effects, both quarks couple to both the
Higgs bosons so that:

—Leff = dF{Yd[q)O* + q)*O (60 + Eyv Y )]dL + h.c.
? ?

iy [
1% = Yo
d - e UR o--7mms UL

and have the structure:

2a
e(’) R S—SMSMCo(md/, ma/ Ms?)

€y & 1a- 2At/ICo( NS
3o
€&~ ?Z“MZCO(MZ M2, M2)
Kolda, Babu, Buras, Roszkowski...
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Non-standard Higgs boson production and decay

Gunion et.al. 94, Balazs et.al, Diaz-Cruz et.al., & Huang et.al. 98,
Campbell et.al. ’03, Dawson et.al. ’03

e General b and 7 couplings are

mptan g5, _ m.tan 5

9Abb = T,QATT ~ y
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contd...

e Enhanced production and decay modes:

a(bb — A)

o (bbh)sy

o(9g, bb — A)
o(gg, bb — h)sm

BR(

A — bb)

BR(A — 77) <

9(tan 5)*
(tan B7;)2 + 9(tan B5;)2
(tan B7;)? (tan 85)2

(tan B7;)2 + 9(tan B5,)2

e In the MSSM the bb channel has greater model
dependence than 77.

Carena et.al. '05
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Non-Standard Higgs into 3b: Production and Decay

tan 87, can be small compared to tan 35, = weaker reach
in the 77 channel.

The H/A — bb can be enhanced enough to make it
competitive with the clean 7= channel.

In addition to the 4b-final state we also have:

g b
NV Va Ve Vs l—
b H/A

3b channel can be important at 14 TeV LHC for mSUGRA
Cao et.al. '09, Baer et. al. "11
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Signal and Background Distributions for tan 5 = 30
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Reach in the general 2HDM Model

Significance, Selection 1 Significance, Selection 11
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The 3b vs 77 in the MSSM

€,=—1/30, Selection T €,=—1/30, Selection TT
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CMS Analysis

CMS preliminary 2.7-4.8 fb™ V5 =7 Tev CMS preliminary 2.7-4.8 fb™ V5 =7 Tev
T

e YR A ot o s o i e e e e YR A ot s e s o i e
= r|— obs q = r|— obs q
S [ | === exp (68%) A S [ | === exp (68%) ]
60 exp (95%) | 60 exp (95%) B

b -+ exp (semi-leptonic) 4 | === exp (semi-leptonic) 4

50 -- exp (all-hadronic) 0= R exp (all-hadronic) 1
40r 40r 1

30

20

[ N E

L MSSM m, -max L MSSM m,-max ]

10: 1L = 4200 GeV 10; W=-200GevV
0100 150 200 250 300 350 O100 150 200 250 300 350

m, [GeV/c? m, [GeV/c?

arXiv: 1302.2892
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Conclusions

e The A — 77 LHC search puts weak limits on regions of
large tan ,6 tr and small tan 37 in 2HDMs.

e The A/H — bbis a complementary channel that probes
parametric scenarios of large tan 35,

e The reach of the A/H — bb channel is limited by low S/B
for low to moderate tan 55, but can be powerful at large
tan 5.
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Search for Non-Standard Higgs in the H — ZA channel
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Motivation: excess in the 2/+ 0,1 and 2 7,,’s

e CMS2011: 2.1 fb~' @ 7 TeV CMS-PAS-SUS-11-013

Selection N(7)=0 N(7)=1 N(r)=2

obs  expected SM obs  expected SM  obs expected SM
>FOUR Lepton Results
MET>50,Hr >200,noZ 0 0.003 +0.002 0 0.01 +£0.05 0 030+ 0.22
MET>50,Hy >200, Z 0 0.06 £ 0.04 0 013 £0.10 0 0.154+0.23
MET>50,Hy <200,n0Z 1 0.014 4 0.005 0 022 £0.10 0 0.59 +0.25
MET>50,Hy <200, Z 0 043 £0.15 2 091 £0.28 0 0344015
MET<50,Hy >200,n0Z 0 0.0013 + 0.0008 0 0.01 £0.05 0 0.18 £ 0.07
MET<50,Hy >200, Z 1 0.28 £0.11 0 0.13 £0.10 0 0.52 £0.19
MET<50,H <200,noZ 0 0.08 +0.03 4 0.73 £0.20 6 69+38
MET<50,Hy <200, Z 11 95+38 14 57+14 39 21+11

e CMS 2012: 4.8 fb~' @ 7 TeV arXiv:1204.5341

Selection N(1h)=0 N(th)=1 N(mh)=2
obs expected | obs expected | obs  expected
4 Lepton results

4¢ EX'ss >50, Hr >200,no Z 0 0.018 =+ 0.005 0 0.09 £ 0.06 0 0.7+0.7
4 E{-“_‘ss >50, Hr > 200, Z 0 0.22 £ 0.05 0 0.27 £0.11 0 08+12
4¢ Ef*** >50, Hy <200,n0 Z 1 0.20 £ 0.07 3 0.59 +£0.17 1 15+0.6
4 E-‘E“SS >50, Hr <200, Z 1 0.79 £0.21 4 23+07 0 1.1£07
4¢ E-‘i-‘“s_s <50, Hr >200,no Z 0 0.006 =+ 0.001 0 0.14 £0.08 0 0.25 £ 0.07
4 ET"_“SS <50, Hr >200, Z 1 0.83 £0.33 0 0.55 £0.21 0 114+ 042
44 E-‘i-mss <50, Hr <200, no Z 1 26+11 5 39+12 17 10.6 £3.2
4¢ EFss <50, Hy <200, Z 33 37+15 20 17.0+£ 5.2 62 43+ 16
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Theoretical Implications of Signal

e The multi-lepton channel is sensitive to SM Higgs decay
modes and with 5 fo~" of data, the region
120 < my, < 150 GeV can be probed at 95% C.L.

E. Contreras-Compana, et.al. ’12

e The CMS 2012 multi-lepton data puts limits on
BR(t — ch) < 2.7%

N. Craig et.al. ’12

e |t also leads to constraints on 2HDM'’s when
multiple-channels from h, H, A and H* decay modes.

N. Craig et.al. *13
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Example: The NMSSM

e The superpotential has the form
W = Wy + Ao + 58

with soft terms
my
Vior = 1% [Hu? + i, | Ho[? + | S12 + V2 (my SHuHG — T5°)

with m,, = *IQAH/\@ and my, = )\AA/\/E
o In the basis where scalar basis (9, H2, ) and the
pseudo-scalar basis (A9, A)

i (07 Ay 0
L, C ey Z"(Co, A} — $9,A3) 0, (82/3/78 + C23Hv)

where the h, is direction that acquires a VEV.
e H— Z777~ Has been studied in context of explaining LEP
anomalies.

Dermisek 08, Dermisek and Gunion *09

Arjun Menon University of Oregon
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Higgs mass of Benchmark points

Model A K tg Ay A, At et Ma

(GeV) | (GeV) | (TeV) | (GeV) | (TeV)
BM1 071 {110 | 1.5 | -11.0 -8.0 0.0 160 0.5
BM2 | 0.71 | 110 | 1.5 | -91 -7.0 0.0 166 0.5
BM3 | 067 | 0.78 | 1.5 | -4.2 -40.6 0.0 170 0.5

Model | myp Mo Mp | mus | Gimo | G
1 2

(GeV) | (GeV) | (GeV) | (GeV)

BM1 1252 | 270 8.9 266 | 0.982 | -0.691

BM2 | 1251 283 19.7 278 | 0.984 | -0.690

BM3 | 1245 | 252 117 248 | 0.992 | -0.668
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Higgs couplings of Benchmark points

BRof HY | bb 7 4 AVAD
BMT | 063 |26x10°| 019 |21x10 2| 29x10°3
BM2 | 0.61 | 25x 1073 | 0.18 | 20x 1072 | 4.3 x 102
BM3 | 064 |27x10°%| 0.18 | 20 x 102 0.0

BR : yysm = 2.28 x 1073, WWg,, =2.15x107"; ZZ, = 2.64 x 1072

BR of HY bb HOHY | ZAY | A9AQ
BMI | 45x10° |56x10% | 0.78 | 0.17
BM2 | 43x1073 | 49x107%|0.70 | 0.16
BM3 | 1.9x102|17x107%| 078 | 0.19

| BR of A? | T | bb | 99 | Signal Rate (y) |
BM1 0.74 0.0 0.12 0.28
BM2 59%x1072 | 092 | 1.1 x 102 5.7 x 1073
BM3 9.1x1072 | 087 | 29x 1072 0.01
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TH reconstruction

e 74, reconstruction: 1-pronged track with p;r > 8.0 GeV.
e 7y isolation: E,nn/Econe < 0.15 where,

E..n =energyin 0.1 < AR <0.3

Econe = €nergy in AR < 0.1.

CMS Simulation 2010,\/s=7 TeV
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1.0 T T T o 0.9¢ E
% 0.8 E
08} 187l eeii ]
05 0.4 ArcTan[(pr-8)/20] Bos .':+*@%H L
e m ] 8 0'5? o= H‘:‘:‘— -
[ a..,F om 1
0.4} pq%ﬂm[ 1 S04 A E
ﬁ{ O'3f '-. ‘w ® TaNC loose 1
[ oema TaNC medi E
0.2 H{ ﬁ { f N 2‘?; .-“ : Tincﬂ‘gem'“"‘ 1
A m, -
0.0 ;iﬁﬁ‘ . . oE :‘lw‘\\l‘\\‘lwwlwwl‘\lk
0 20 40 60 80 0 20 40 60 80 100 120 140
Generated 7 pr (GeV) generated visiblet p_ (GeVi/c)

Searching for neutral Higgs bosons in non-standard channels Arjun Menon University of Oregon



Zr efficiency in

Efficiency e: 0 7, Channel Efficiency e: 1, Channel Efficiency e: 2 r, Channel
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/ e
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Toy-Model for 7, reconstruction

my = 200 GeV and my4 = 10 GeV

Charged Pion pr 10 Charged Track AR
40 T T
0.8+
30r 7 at
3 0.6}
3
¢ 20
& 0.4}
10+
02t Isolation Annulus
pr Cut
0 : ‘ ‘ 0.0 ‘ ‘ ‘
-1.0 -05 0.0 0.5 1.0 =10 -05 0.0 0.5 1.0
Cos fcm Cos fcm

Ocy = Angle of 71 in rest frame of Awhen 7+ — 7777,
pr is measured in the H rest frame
AR = the angle between the two charged tracks.
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Limits of signal due to CMS data

e Assuming a Poisson distribution for the number of events.
¢ Assuming the background errors are gaussian

95% CL Limit uos 30 fb* Projected 95% CL Limit ugs

100 100| T
} |
80|
3 3 60
) )
£ £
40
0.15
2 025 |
160 180 200 220 240 260 280 300 160 180 200 220 240 260 280 300
my(GeV) my(GeV)
7 TeV 8 TeV

1-7, constraint is the strongest due to large ¢,, and

CMS
N obs ™ kag
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H and A Mass reconstruction in the 27, channel

e Transverse Mass:

my = \/p%+2(EvEI—p€-pD

ml = \/(pv + p2)? + 2((Ev + E2)ET — (b} + p3) - PT)

where m! < m

Barr et. al., 2009

e Collinear Mass: Solve kinematics under assumption that
neutrinos are collinear with the visible momenta

M Py, + A2 py, = Py

where by assumption \;’s are positive.
Ellis et. al., 1987
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H and A Trial Mass Reconstruction in the 27, channel

¢ The 8 kinematic constraint equations are:

P2, =0=pf,

(P, +Pv,)* = M2 = (P, + Pv,)°
M3 = (Puy + Pv; + Py + P,)°

My = (P2 + Puy + Pv; + Puy + P,)
Py, + Py, = PX

Pl +pl, =Pl

e However 10 unknowns p,,, my and mg.

e Solve for the mean values of my and m, where solutions
exist.
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Comparison of Mass reconstructions

Mass Varigbles: My, ma)= (200, 10) GeV Mass Variables: (my, my)= (200, 10) GeV
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Latest CMS analysis

Selection MET ‘ N(1)=0, Nbjet=0 N(1)=1, NbJet=0 N(T)=0, Nbjet=1 N(7)=1, Nbjet=1
obs expect | obs expect | obs expect | obs expect |
4 Lepton Results Hy > 200
i NA (100, ) a 0.007 + 0.01 a 0.001 + 0.01 0 04001 0 040009
OSSFO NA {50,100) a 0+001 a 0.007 4 0.01 ) 0.01 +£0.02 0 0.008 + 0.01
OSSFO NA (0, 50) a le-05 + 0.009 a 0.01 +£0.01 ) 04 0.009 0 040009
OSSF1 off-Z (100, ea) a 0.0005 4 0.009 1 0.09 £ 0.03 o 0.06 +0.04 0 0.05 + 0.03
OSSF1 on-Z (100, 02) a 0.03 4 0.02 a 0.27 £ 0.07 ) 0.19 £ 0.11 0 0.17 + 0.09
OSSF1 off-Z (50,100) a 0.03 4+ 0.03 1 0.13 £ 0.07 ) 0.02 +£0.02 0 0.07 + 0.04
OSSF1 on-Z (50,100) a 0.08 4 0.04 1 0.29 £ 0.08 o 0.1 4006 1 0.12 + 0.08
OSSF1 off-Z (0, 50) a 0.007 + 0.01 a 0.12 £ 0.06 ) 0.001 £0.01 0 0.04 + 0.03
OSSF1 on-Z (0, 50) a 0.140.04 a 054012 ) 0.02 £ 0.02 0 0.23 £ 0.11
OSSF2 off-Z (100, s} a 0.004 + 0.01 a 00 o 0.008 +0.01 0 0+0
OSSF2 on-Z (100, ea) a 0.05 4 0.05 a 040 ) 0.13 £0.08 0 0+0
OSSF2 off-Z (50,100) a 0.01 £ 0.01 a 00 0 0.01 £0.02 0 0+0
OSSF2 on-Z (50,100) 0 03901 0 0£0 0 0.16 £0.07 0 00
OSSF2 off-Z (0, 50) a 0.11 £ 0.03 a 040 o 0.05 £ 0.03 0 0+0
OSSF2 on-Z (0,50) 2 33+07 0 0£0 1 0.37 £0.09 0 00

CMS-PAS-SUS-12-026

But visible p7 > 20 GeV =- reduced efficiencies.
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Conclusion

e The possibility of enhanced H — ZA — Z7" 7~ decay
exists.

e The NMSSM example scenario needs low tan 5 and large
pseudo-scalar mixing.

¢ The efficiencies for detecting such a scenario are the
largest in the 17, and 27, channel.

¢ The shape of the efficiency curves is due to an interplay
between the isolation and min(pr) cuts.

e For low my a boosted 7 strategy similar to Englert et. al.,
11 may be needed.
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contd...

1-74, is the most constraining of the channels.
The projected reach with 30 fo~' CMS data could probe a
large region interesting parameter space.

For such decays the trial mass reconstruction method is
more efficent than the transverse and collinear
approaches.

The phenomenology of non-Standard Higgs bosons can
be quite rich and appear in many channels other than 7.
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